Background: Kauri (Agathis australis (D.Don) Lindl.) is endemic to New Zealand and is the southernmost species of the tropical genus Agathis.
Background

Kauri ecology and growth
New Zealand kauri (Agathis australis (D.Don) Lindl.) is a canopy-emergent tree that can reach heights of 30-60 m when mature (Ecroyd 1982) . It generally has a straight, cylindrical trunk clear of branches for 12-25 m (Bergin and Steward 2004) . The largest living kauri, Tāne Mahuta (based on estimated wood volume), is~4.5 m in diameter and over 50 m high (Bergin and Steward 2004; Stewart 2008) . Before extensive logging and gum-harvesting operations in the 19 th and 20 th centuries, kauri were often larger, with the largest officially measured, Kairaru, being over twice the size (timber volume in m 3 ) of Tāne Mahuta, with a diameter of~6.4 m (Wardle 2011) . Typical longevity is thought to be approximately 600 years (Ahmed and Ogden 1987) and, while recent estimates suggest that maximum ages are probably generally in the order of 1500-1700 years (Steward and Beveridge 2010) , some individuals may exceed 2000 years of age ). This longevity makes kauri a useful resource for tree-ring studies into past climates (i.e. dendroclimatology); New Zealand has an exceptional dendrochronological record, compiled from living and sub-fossil kauri (Boswijk et al. 2006; Palmer et al. 2006; Turney et al. 2010) .
One of the limitations of kauri for dendroclimatic study is that it currently only naturally occurs in the north of New Zealand, from approximately Te Puke/ Kawhia (~38°S) to Cape Reinga (~34°S). Despite this, planted kauri grow successfully in numerous areas outside their natural range (Pardy et al. 1992 ). There are individual specimens or small groups growing as far south as Invercargill (~46.5°S) and even Stewart Island (~47°S), and kauri are routinely planted as ornamental trees around the country (Niinemets et al. 2005) . Their success in planted stands throughout New Zealand is less surprising after looking at the fossil record. Early records of kauri showed the species occurring in geographically and climatically distinct environmental conditions to the modern day. For example, Lee et al. (2007) reported leaf macrofossils in Southland during the late Oligocene-early Miocene, and Evans (1937) identified kauri resin in fossilised material in Tertiary lignite deposits from the Roxburgh (~45.5°S) and Mataura (~46°S) areas in the South Island. Araucarian ancestors of kauri first appeared in the Cretaceous period (Lee et al. 2007 ). More relevant to the current distribution of kauri, however, are the findings of Mildenhall (1985) , who noted extensive palynological evidence of kauri around 300,000 BP (before present) at Lower Hutt in Wellington (~41°S), a period during which southern hemisphere climate was significantly cooler than at present (Petit et al. 1999; Jouzel et al. 2007) . Pleistocene evidence of a more extensive distribution for kauri (Ecroyd 1982) has led numerous authors to speculate on the causes of the failure of this species to recolonise land further south in recent times (e.g. Mitchell 1991; Ogden et al. 1992 Ogden et al. , 1993 . A number of reasons have been suggested, including climatic limitation, lack of suitable soils and terrain, and simply slow expansion due to episodic stand regeneration (Ogden et al. 1992; Steward and Beveridge 2010) . Recent permanent regeneration from planted stands south of the current natural limit suggest that kauri may only just be in a process of extending its range, recently curtailed by the episodic glaciations of the Quaternary period (Steward et al. 2003) .
The study of species outside their natural limits is important to the long-term prospects of planted forests of indigenous species in New Zealand. The reputations of many New Zealand indigenous species for producing high-quality timber were based on the use of heartwood from mature specimens logged from old-growth indigenous forests. To replicate these qualities, many species may require long plantation rotations (McConchie 1999) . Even those species, like kauri (Steward and McKinley 2005) , from which high-quality sapwood can be utilised, are estimated to take 2-3 times as long as commonly planted species like Pinus radiata D.Don to reach harvestable proportions. Consequently, more data on plantation density and thinning is required for effective long-term plantation management, so continued monitoring of plantations as they near their suggested harvest age (~80 years for kauri (Chikumbo and Steward 2007) ) is vital. The ability to extend the geographical boundaries of a given species is another area that requires further research. Some species are likely to grow well in areas beyond their current natural limits, based on climatic and soil profiling of their preferred habitat (Burns 1999 ). This point is illustrated for kauri by Bergin and Steward (2004) in their review of various Agathis species grown as planted forests outside their natural ranges. These include Australian Agathis robusta (C. Moore) F.M. Bailey, which is now grown more successfully outside its natural range (e.g. South Africa) than within it due to the lack of insect predation in other areas. In the New Zealand context, the successful establishment and growth of kauri at Wairongoa Springs near Dunedin (approximately 8°of latitude south of its modern natural range; see Section 1.2) is evidence that kauri can be grown well south of its current distribution. Early surveys suggest that the same may be true of other species including puriri (Vitex lucens Kirk) and kohekohe (Dysoxylum spectabile (G.Forst.) Hook.f.) (Pardy et al. 1992) , identified by multiple authors as having hardwood plantation potential (McConchie 1999; Steward 1999) .
This study aims to update and augment the earlier published profile (Pardy et al. 1992 ) of the Wairongoa Springs site. Burns (2009) recently called for a renewal of New Zealand-based research into forest management of indigenous species, citing a dearth of new research particularly in the fields of plantation establishment and management. A combination of methods was employed to characterise growth in kauri growing at Wairongoa Springs. Data from a sample plot used for growth measurements and modelling are augmented with a dendrochronological ring-width measurement approach to assess growth rates and patterns in individual trees. These data are compared with a short dendrochemical (carbon stable isotope) chronology from the site. The inclusion of the Wairongoa Springs site in a broader research programme aimed at establishing the potential of New Zealand indigenous trees as dendrochemical indicators of climate change facilitated the collection of relevant data. The application of a dendrochemical record here is a novel approach to characterising growth processes in plantations of New Zealand indigenous trees.
Commonly, inter-annual growth changes in tree-rings are used to reconstruct climatic changes influencing treegrowth but such dendroclimatic studies tend to avoid juvenile trees due to the strong age-dependent influences on growth (Fritts 1976) . Dendrochronology, the counting and measurement of annual growth rings, is also commonly used in forestry as a means of analysing changes in growth throughout the life of plantation trees on annual to longterm scales. This is particularly useful in situations where a lack of regular monitoring means that detailed growth records cannot be retrieved from external diameter-based measurements (e.g. Baskerville 1972) .
The ratio of two stable isotopes of carbon ( 13 C and 12 C) in tree rings provides a record of the balance between stomatal conductance and photosynthetic rate for that tree Francey and Farquhar 1982) . Consequently, this ratio can be used to assess physiological changes in the photosynthetic systems of trees that relate to water-use efficiency (Stephens et al. 1999; Farquhar and Richards 1984; Farquhar et al. 1982) and changes in light availability/photosynthetic performance (Walcroft et al. 2002; Farquhar et al. 1982 Farquhar et al. , 1989 Francey and Farquhar 1982) . Stable isotopes in young trees from a number of environments are generally observed to exhibit a 'juvenile effect' , with δ 13 C (the relative abundance of 13 C to 12 C) increasing with tree age (see McCarroll and Loader 2004 and references therein for a review of the juvenile effect and a detailed review of carbon isotope theory; Leavitt 2010) . This same trend has been observed in early rings of mature kauri (Jansen 1962; Grinsted and Wilson 1979) . However, the mechanisms behind the 'juvenile effect' are poorly understood and have been variously ascribed to numerous sources including increased light availability as trees grow (Francey and Farquhar 1982) and a reduction in the photosynthetic use of canopy-respired CO 2 as trees grow (Schleser and Jayasekera 1985) . However, as yet, there is no consensus in the literature on a single cause that fits the diverse range of environments in which the juvenile effect has been identified (Leavitt 2010) . In this study, carbon isotopes were used to assess whether that pattern is evident in plantation kauri. (Herbert et al. 1996) . It is highly likely that the New Plymouth stock, and therefore the Wairongoa Springs stock, originated from Waipoua Forest (Steward 2011, Barton personal communication) . At the time, the Waipoua nursery was the only commercial source of kauri seed, originally collected from 17 trees between 1951-54 (Morrison 1955) and then rapidly expanded until, in 1972, 94 trees were being harvested (Morrison and Lloyd 1972) . At the time of initial sampling in the current study, approximately 60-70 of Thompson's trees still thrived, constituting probably the largest kauri stand in the South Island. However, a number of trees were severely damaged in a strong northwesterly wind event shortly before the second sampling trip, (Figure 1 ).
Methods
The site, referred to henceforth as Dunedin Kauri (DK), is situated amongst gently rolling hills on the north-eastern margin of the Taieri Plain, at an elevation of~46 m above sea level (asl) (45.833 S, 170.3614 E) ( Figure 2 ). Although less than 30 km from the coast, the Taieri Plain has a microclimate created by shelter from hills to the east and the Silver Peaks Range to the north and northeast (Unknown 2001). The nearby town of Invermay receives~730 mm of annual rainfall and has a mean annual temperature of~10.3°C (CliFlo -The National Climate Database 2011). Rainfall is relatively uniform throughout the year but the seasonally variable temperature (CliFlo -The National Climate Database 2011) ( Figure 3 ) with warm summers and cold winters creates large seasonal evaporation gradients. Steward (2011 pp. 43 ) characterises the soils as "Typic Fluvial Recent Soils (RFT) (Warepa soils derived from Schist loess over schist, greywacke and igneous rocks) of low natural fertility" using Hewitt's (1998) New Zealand classification system. The trees are growing on the relatively flat valley floor of an approximately north-south running valley. In early years after planting, the area around each tree was weeded by hand to remove competing vegetation. The surrounding forest is a mixture of planted indigenous species, generally pre-dating the kauri. The DK site generally receives <1700 hours of sunshine annually, compared >1900 hours for the majority of sites within the natural range of kauri (NIWA 2012a). The DK site is also cooler and drier than most of the natural, mainly Northland, range of kauri, which generally has mean annual temperatures ≥13°C and rainfall ≥1200 mm (NIWA 2012b).
In 1986, Pardy et al. (1992) used growth plots in planted stands of indigenous species to obtain data on the height and diameter at breast height (DBH, 1.4 m above ground level) growth of kauri. In later (2010, this study and Steward 2011) assessments of the performance of planted kauri, a permanent sample plot (PSP) (Ellis and Hayes 1991) was established overlying the original growth plot. The size of the PSP used was determined by the size of the stand and the number of stems per hectare. At DK, it was difficult to install a standard size sample plot (0.04 ha) (Ellis and Hayes 1997) . However, adjoining plantings comprised of specimens of similar stature and similar growth rate meant that all stems within the stand were used, including those that would otherwise be defined as edge-trees (Cancino 2005) . Diameter at breast height was measured for 29 trees (numbered 292 to 398, Table 1 ) within the plot, initially by Pardy et al. (1992) in 1986 and then again for this study in 2010. A subsample of trees (9 in 1986 and 5 in 2010) was also measured for height using a digital hypsometer Vertex fitted with a transponder (Table 1) .
The DBH data collected in 2010 (this study; Steward 2011) were used to calculate the quadratic mean DBH for the stand (Table 2 ) using Equation 1, as the quadratic mean DBH is considered a more accurate representation than the arithmetic mean when estimating stand volume (Curtis and Marshall 2000) .
A curve of height against DBH was plotted and a nonlinear regression curve was fitted to the data. The regression equation was used to estimate total tree height of those stems measured for DBH but not height. Data from 48 stands of plantation and second growth kauri across New Zealand, where full site occupancy was assumed, were combined and a linear regression equation was fitted to assess the relationship between mean stand diameter and stand density. The relationship was strong R 2 = 0.88) for both planted and natural stands of kauri in a combined data set. This relationship indicates the point at which mean stand DBH and basal area increment slows, and where self-thinning is likely to occur unless thinning was undertaken.
Quadratic Mean DBH ¼ 660:69 Â SD −0:456 ;
Steward's (2011) model is applied here in preference to Ogden and Stewart's (1995) model, as it incorporates recent and extensive measurements of plantation trees.
Mean top height and mean top diameter were calculated as the average height and quadratic mean diameter respectively of the 100 largest-DBH stems per hectare based on the height-DBH relationship established by Steward (2011). Basal area was calculated as the sum per hectare of cross-sectional stem area at breast height (Table 2) . Increment cores were taken over the course of two fieldtrips (2009 and 2011, separate to the 2010 sample plot measurements) without regard to the PSP due to different sampling criteria (see below). Cores were taken from bark to pith, at breast height, with a 5 mm increment borer at a slight upward angle. In addition to general coring 'good practice' (Norton 1998) , strict biosecurity controls were observed in order to guard against the transmission of the spread of diseases, particularly the pathogen Phytopthora taxon Agathis (PTA) (Waipara et al. 2013) , responsible for kauri dieback in the North Island. Thirteen trees (labelled DK01 -DK13) were sampled, with 3 cores taken from DK02-DK13. Two cores were initially collected from DK01 but one was damaged during transport. (Table 3 ). Cores were taken >90°apart, where practical, in order to achieve maximum circumferential coverage of each tree. The mean DBH and growth rate for trees sampled for dendrochronological purposes are not an accurate reflection of the entire stand as larger trees were preferred for ring-width study. DBH and growth rates based on ring-width are not directly comparable as DBH is measured by a tape encircling a tree including the bark, while ring-width measurements are based on annual growth rings under the bark. Trees with a clear bole at breast height and a single main stem rather than a double leader were preferred, as an uninterrupted bole generally provides more easily cross-dateable cores (see below).
Cores were air dried while loosely mounted in core mounts with multiple strips of low-stick painter's tape to allow sanding to provide a 'readable' surface. Normally cores would be glued in place before sanding but the subsequent use of these cores for destructive stable isotope sampling meant non-permanent mounting was preferable. Sanded cores were visually cross-dated, using a binocular microscope when necessary. Ring-width measurements were taken using a Velmex measuring stage with a precision of 0.001 mm. These ring-width data were then converted to a growth index (a process called standardisation). This process compares the width of an individual ring to those rings around it, making it an internally relative standard. Standardisation allowed for the comparison of fast-and slow-growing individuals on the same scale and removed trends related to age or stand dynamics. Growth-index data were then used to confirm the visual cross-dating using COFECHA software (Holmes 1983) . A raw ring-width 'site master chronology' was compiled from the average of all cores. Carbon-isotope determinations were made on annual rings dated from 1983-2009 (sliced from 18 cores from 7 trees, using a razor blade) as a pilot investigation to determine the potential for further studies (see . The rings were processed to α-cellulose using the Brendel method (Brendel et al. 2000) modified for small samples (Evans and Schrag 2004) and specifically for kauri, which appears to require more intensive extraction techniques than other resinous conifers (Brookman and Whittaker 2012) . further identifies potential complications for δ 13 C extraction using the SBrendel method, which may result in small inter-annual discrepancies between real and measured values. Alphacellulose samples (~250 μg) were analysed using continuous flow low-temperature pyrolysis in the Stable Isotope Facility at the Department of Geological Sciences University of Canterbury, New Zealand. The mean external precision (i.e. reproducibility) of the system (Costech 4010 ECS coupled with Delta V Plus Isotope Ratio Mass Spectrometer via a ConFlo II) was greater than 0.10‰ for carbon, based on over 1500 measurements of reference α-cellulose materials (Sigma-Aldrich (C8002, batch #078K0027) and IAEA CH-3 from the International Atomic Energy Authority). All data were corrected to the Vienna Pee Dee Belemnite (V-PDB) international scale for δ 13 C using a 1-point normalisation (i.e. an additive correction) based on the Sigma Aldrich (δ The quality of the DK ring-width and isotope chronologies were tested using the expressed population signal (EPS) (Briffa and Jones 1990 ), which essentially measures the level of common ring-width/isotope variation between trees. For the carbon isotope chronology, EPS was conducted after correction for post-industrial changes in atmospheric CO 2 (McCarroll and Loader 2004) , which result in a gradual decline in δ 13 C. Traditionally an EPS score of 0.85 on a scale of 0 to 1 has been used as the benchmark for chronology quality. This number indicates that the record is providing 85% 'signal' and 15% 'noise'. Samples of kauri wood tend to show similar ringwidth signals, often achieving an EPS of 0.85 from 10 trees (Fowler and Boswijk 2003) whereas other species may require up to 25 samples (Briffa and Jones 1990) . The EPS was calculated using the 'detrendeR' (Campelo et al. 2012 ) package in 'R' (R-Core-Team 2012) in overlapping 10-year windows as well as the entire length of the ring-width chronology, while the carbon isotope record was analysed only as a single time period due to its shorter duration. The site ring-width master record was analysed for growth-trend changes using the segmented regression freeware SegReg (Oosterbaan n.d; Oosterbaan et al. 1990 ).
Results and discussion
Sample plot growth results
Based on the average quadratic mean DBH of 30.6 cm in the 55-year-old trees (at time of measurement), the average annual growth for the DK stand is~5.6 mm year −1 . The DBH of individual trees ranged from 16.9 to 38.2 cm. Measured tree heights ranged from 10.2 to 21.1 m, with a mean of 17.8 m. Based on height-DBH relationship calculated, this established a mean top height for the stand of 23.8 m. In comparison, the trees surveyed by Pardy et al. (1992) in 1986 ranged from 11.3 to 24.8 cm DBH, with a quadratic mean DBH of 19.1 cm, suggesting an average annual growth of~6.2 mm year −1 . Trees measured by Pardy et al. (1992) ranged from 10.7 to 15.2 m tall, with a mean top height of 14.9 m.
The 5.6 mm year −1 DBH growth established from trees within the growth plot shows that the DK trees are growing more rapidly than most young naturally occurring stands. Pardy et al. (1992) suggested that, in the early 'pole' stages of growth, it is not uncommon for 5 mm annual diameter increases in naturally occurring stands, which is in good agreement with the figure of 4.3 mm year −1 reported by Burns and Smale (1990) ) in another natural stand of trees 120-218 years old. Considering climate alone, the higher average growth-rate of DK trees compared to naturally occurring stands further north is worthy of comment. However, the site selection and silvicultural attention afforded plantation trees introduce a number of variables beyond climate. It is not unusual for plantations of many species, even beyond their naturally occurring range, to exceed natural growth rates (Pardy et al. 1992) . A large part of the success of kauri at DK is likely due to site selection: growth trials have shown that kauri grow best amongst gaps within taller surrounding vegetation (I Barton, personal communication). It may be that the surrounding, established plantation of indigenous species at DK generated a favourable microclimate for kauri growth. Surrounding forest cover may help explain why Bergin and Steward (2004) suggested that there is no evidence of frost damage to DK trees, despite the fact that the area would regularly receive frosts lower than −4 to −6°C, which Barton (1982 Barton ( , 1985 found caused lasting damage or death of kauri seedlings. Frost damage may be a primary cause of multiple leaders in kauri, which are very rare on naturally established trees in forest or scrub-land (I Barton personal communication). There are multiple trees at DK with double-leaders which could suggest some, non-fatal frost damage to seedlings rather than no frost damage as reported by Bergin and Steward (2004) .
Perhaps a fairer growth comparison is between DK trees and that of other surveyed kauri plantations, all of which are in the North Island. Plantation kauri generally grow faster than naturally occurring stands and, in some cases, trees have averaged 10 mm (diameter) growth for up to 40 years (Steward and Beveridge 2010) . The estimated mean annual growth rate of the DK stand, based on external DBH measurement of a quadrat selected without size bias, (5.6 mm year −1 ) is only 0.7 mm year
slower than the mean of 25 stands of planted kauri surveyed by Steward (2011) ( Table 2) . It is also comparable to the 6.9 mm year −1 average measured by Pardy et al. in 1986 (Pardy et al. 1992 ) if the early growth of DK is used. Ring-width data prior to~1983 (see below) suggests that DK trees grew~12% faster than their longterm mean, meaning that mean growth was likely closer to 6.3 mm year −1 at the time of the Pardy et al. sampling in 1986 (Pardy et al. 1992) .
The height growth of the DK trees has exceeded the average seen in 25 planted stands within and outside the current natural range of the species (Table 2) . Models of height growth of kauri in planted stands have been produced in an on-going study of the potential productivity of kauri (Bergin and Steward 2004; Chikumbo and Steward 2007; Steward and Beveridge 2010; Steward and McKinley 2005) . Height growth is frequently used in forestry to determine a 'site index' , which refers to the timber potential for a site, usually at a fixed age somewhere near the expected rotation length for the species. For kauri in planted stands, site index was defined by Steward (2011) 
Ring-width and isotope chronology quality
The dendrochronological investigation of the DK kauri proved challenging due to a lack of distinct marker rings in the relatively brief (52-year) chronology. Six (of 37) cores failed to meet the 99% significance correlation level usually used to determine successful cross-dating. This could be the result of a number of factors, including:
1) Age: plantation kauri grow quickly when young (40-60 years) before growth slows once trees pass the 'ricker' phase. This period of accelerated growth may obscure climatic signals and often coincides with high attrition rates as young trees compete for limited resources. Attrition within the stand often introduces micro-scale, non-climate variability to the ring-width record, lowering the coherent signal within the stand (Wunder et al. 2013) . 2) Microclimate: the DK kauri grow on a flat site in a sheltered environment, at the northern end of the Taieri Plain, that is subject to less severe weather than much of the surrounding region. It may be that the trees are subject to few growth-limiting/stressful conditions, creating a 'complacent' chronology.
While some researchers 'improve' their chronology results by removing data for poorly correlated cores (e.g. Fowler and Boswijk 2003) , all available data is included here. Results from EPS for the DK site suggest that the common signal between trees is strong despite those cores that presented problems in cross-dating. The early section of the chronology, before all trees/cores are represented, is the only stage where EPS values are below 0.85. From 1967 onwards, 10-year windows of ring-width data (overlapped by 5 years) show EPS >0.85 (Table 4) . These results suggest that tree growth was related to environmental conditions. One core from DK01 was damaged during transport and consequently excluded from analysis.
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Cores not reaching the 0.42 (99%) correlation threshold are marked A (under 99% significance level but highest as dated) or B (correlation higher at other than dated position).
The EPS result for carbon isotope site chronology (0.68) is much lower than that for ring-width~0.85. A major factor here is likely to be the disparity in sampledepth between the ring-width record (37 cores) and the isotope record (18 cores), which was a preliminary study. Even so, the EPS obtained here is low compared to results for different species from other isotope studies in which 4-6 trees have often been sufficient to produce EPS scores > 0.85 (e.g. Robertson 1997a, b; McCarroll and Pawellek 2001; Porter et al. 2009 ). The most likely reason for this is considered to be a combination of the sensitivity of young trees to micro-scale endogenous influences and the difficulties of processing kauri wood to α-cellulose (Brookman and Whittaker 2012; .
Interpreting ring-width growth patterns
The average ring-width was 3.10 mm for the period studied, which translates to a DBH increase of~6.2 mm year −1 although ring-width decreased with increasing age ( Figure 5A ). When analysed using segmented linear regression, however, tree growth can be split into two phases centred on a 'break-point' of 1983 (±5.6 years, 95% confidence interval). The early phase from 1957 to 1983 showed a constant (slope < 0.01, r 2 = 0.01) mean ring-width (3.5 mm year −1 ). From 1983 onward, there was a steady and significant (0.06 mm yr −1 , r 2 = 0.71, p < 0.05) decrease in ring-width ( Figure 5B ). This segmented linear regression model provides an 'explained coefficient' of 0.61, showing the improved fit of the model compared to a 'whole record' linear regression (r 2 = 0.47). The early growth spurt, followed by a decline in growth-rate, fits patterns observed in other indigenous tree plantations with minimal silvicultural management (Pardy et al. 1992 ). The growth-rate models developed for kauri by Steward (2011) provide an explanation for the growth-rate decline documented in the ring-width record. Generally, the most likely cause of growth-rate decline is resource competition/limitation. At DK, trees were densely planted by forestry standards (~1250 stems ha −1 ) in a small plot surrounded by established plantings (Steward 2011) . While this is many times denser than estimated natural densities of 50-200 stems ha −1 for mature forest (Ahmed and Ogden 1987) , it is comparable to the densities observed by Barton (1982) in the 'subdominant' and 'shrub' strata of natural stands. Plantation density itself does not necessarily limit growth but experiments showed that nutrient availability has a profound effect on growth (Barton and Madgwick 1987) . Nutrient and root space competition as well as limited light access in a rapidly converging canopy often result in growth-rate decline, with weaker individuals dying when their leaves no longer receive enough light to maintain positive carbon balance. The magnitude of this 'self thinning' effect is much debated in general forestry literature but the general principle is well established (Sackville-Hamilton et al. 1995) . For kauri, the general hypothesis of self-thinning is supported by the observations of self-thinning made by Steward (2011) from plantation trees and Burns and Smale (1990) in secondgrowth natural stands.
At the last measurement (March 2010), the DK stand had a quadratic mean diameter of 30.6 cm, at a stand density of 875 stems ha −1 (Table 2) . At 875 stems ha The 'common interval' EPS, which represents the overall EPS for the time period covered by all individual cores.
mortality becomes likely to occur if thinning is not undertaken. As the DBH of trees in the DK stand only recently (~2009) exceeded the predicted DBH, it may be some time before actual mortality occurs. In other densely stocked kauri stands that are close to or have exceeded the selfthinning line, self-shading within the stand results and the lower crown collapses. Initially height growth may replace diameter growth as individual trees compete for growing space and dominance. Artificial thinning of kauri in planted stands at New Plymouth resulted in a delay of onetwo years before crown replacement and a rapid return to diameter growth. Similarly, results from thinned natural stands indicate that trees in a dense natural stand endured a long period of suppressed growth (Madgwick et al. 1982) before rapid diameter growth post-thinning (Barton and Madgwick 1987) . The DK ring-width record suggests that the onset of self-thinning may have preceded the density-modelled timing (2009) by 26 ± 5.6 years based on the 1983 breakpoint evident in the segmented regression. It is important to note that the 2009 and 1983 dates are only approximately comparable as the former is based on an 'over-bark' measure of DBH while the latter excludes bark. The suggested early onset of self-thinning may serve to explain why the DK trees exceed the plantation height average, as they have prioritised height growth over diameter growth in an extended competition for light. The earlier onset of light-based competition at DK 1952 1956 1964 1968 1972 1976 1984 1988 1992 1996 C 1960 1980 2000 1952 1956 1964 1968 1972 1976 1984 1988 1992 1996 2004 2008 -24 compared to observations from other kauri stands could be explained by the other, more mature mixed plantings of indigenous trees surrounding the DK site shading the kauri and creating an enhanced level of light competition. The shorter growing season and reduced sunshine hours at the DK site compared to climates in the natural range of kauri may also contribute.
Interpreting the carbon isotope record
Further support for the early onset of self-thinning due to competition for sunlight is provided by the carbon isotope record compiled from DK trees. Across the 1983-2009 period, there is a significant (p < 0.05) decreasing trend in δ 13 C ( Figure 5C ) despite correction for the trend of post-industrial atmospheric CO 2 depletion. The direction of the trend in δ 13 C observed here is opposite to the positive trend generally considered characteristic of the 'juvenile effect' , so it may be that this trend is not directly age related. In fact, it may be considered to exist 'in spite' of age, as the 'juvenile effect' documented for kauri lasted 200 (Jansen 1962) or more (Grinsted and Wilson 1979) years. Walcroft (1994) was the first to note a reversal of the normal juvenile pattern when he observed higher δ 13 C in juvenile kauri leaves compared to mature leaves. He suggested that the most likely cause was the morphological differences between juvenile and mature foliage; juvenile leaves have a thinner cuticle and consequently are likely to lose more water through peristomatal respiration than xerophyllic mature leaves (Walcroft 1994) . The likely result is that stomatal conductance in juvenile leaves is restricted to maintain leaf-water potential, thereby decreasing the relative pressure of intercellular to ambient CO 2 . This change means that there is limited intercellular CO 2 available for the carboxylation process (the first stage of CO 2 fixation during photosynthesis), resulting in reduced fractionation and raising δ 13 C (Francey and Farquhar 1982) .
While leaf morphology may contribute to the decreasing trend in DK δ 13 C, there may be another possible cause. One frequently postulated cause of the 'juvenile effect' is the gradual decrease in the shading from the canopy as young trees grow taller (Francey and Farquhar 1982) ; The photosynthetic rate increases as trees receive more sunlight, lowering the relative pressure of intercellular to ambient CO 2 , causing δ 13 C to rise. A related hypothesis is that as trees grow they have more access to atmospheric CO 2 , which is enriched in 13 C compared to the sub-canopy CO 2 , which is 13 C depleted, having been respired by upper layers of the canopy (Schleser and Jayasekera 1985) . However, in the plantation environment at DK the situation may be reversed; seedlings, planted in a clearing had little competition for light and were in a well-mixed, rather than stratified, atmosphere.
The dense plantation layout means that, as the trees have grown, competition for light has increased due to shading from adjacent canopies. Canopy shading reduces photosynthesis (Walcroft et al. 2002) and results in lower δ 13 C (Francey and Farquhar 1982) , so this plantation-specific situation of increased competition with height may be chemically represented in the treering cellulose δ 13 C. Unfortunately, the tree-ring data presented here cannot provide a conclusive answer to this question, as they only cover the period of decreasing ring-width. Consequently, it is not possible to assess whether tree-ring δ 13 C, like ring-width, was relatively constant prior to 1983, or whether the gradual decrease is constant throughout the life of the trees, which may suggest a gradual change in carbon isotope discrimination during photosynthesis in response to increased atmospheric CO 2 concentration (Treydte et al. 2009 ). However, based on the data available, it is possible that this 'reverse juvenile effect' may be a chemical analogy for the decrease in ring-width over the same time period, caused by the same increased light competition. Whether leaf morphology, canopy shading, or a combination of the two are responsible for the 'reverse juvenile effect' documented, a potentially valuable avenue of inquiry for dendroclimatic study of kauri chemistry is to establish whether similar situations occur in naturally occurring kauri stands, where saplings grow into dense ricker-thickets. Such a finding would require researchers to consider disregarding multi-decadal (or longer) trends in any juvenile trees/rings. Although this cautionary approach has already been adopted by some researchers (Leavitt 2010) , the relatively minor age effects associated with dendrochemistry compared with ring-width study is seen as one of its major strengths (Loader et al. 2013) . While not conclusive in their own right, the preliminary results presented here raise a number of valuable questions regarding δ 13 C juvenile effects that require further study of both plantation and natural kauri.
Conclusions
The existence of planted kauri at DK provides a special opportunity to better understand the ecology and forestry potential of one of New Zealand's iconic species well outside its current natural range. Similarity in ringwidth patterns among trees at DK shows a consistent response to the environment. The average growth rate of DK trees is comparable to other plantations situated much further north, an exceptional result given that DK is >20% cooler, >40% drier and receives >200 less sunshine hours each year than most of the current natural range of kauri. A period of continuous, rapid growth occurred prior to 1983 but has consistently slowed since then, probably reflecting competition for light. This is may suggest the onset of the 'self thinning' process, well documented for kauri. A corresponding decrease in treering δ 13 C since 1983 could also be explained by increased light competition, creating a 'reverse juvenile effect' , which serves as a dendrochemical analogy for the self-thinning evident ring-width signal. The onset of growth decline is much earlier (26 ± 5.6 years) than modelling predicts, which may reflect site specific influences related to enhanced light competition and/or climatic stress due to the reduced temperature, rainfall and sunshine hours for DK compared North Island locations. Nonetheless, the success of the DK plantation suggests that kauri can be successfully grown in sheltered sites well south of its natural range, although stand density may need to be slightly lower than northern plantations to avoid early onset self-thinning.
